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ABSTRACT 


This  report  presents  the  results  of  a  cooperative  test  program 
conducted  by  members  of  the  AIA-ARTC  in  an  attenrot  to  establish 
a  standard  test  method  for  hydrogen  embrittlement.  The  six 
basic  methods  investigated  were  the  tensile  test,  stressed  ring 
test,  sustained  load  notched  tensile  test,  constant-rate  bend 
test,  torqued  bolt  test,  and  static  bend  test.  Modifications 
of  the  test  specimens  and  procedures  brought  the  total  nxmiber 
of  methods  investigated  to  twelve.  Conclusions  are  drawn  as 
to  the  most  accTirate  methods  nov^  available  and  the  direction 
that  further  work  on  hydrogen  onbrittlement  testing  shotild  take. 
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lo  INTRODUCTION 

A  survey  on  methods  of  testing  for  hydrogen  embrittlemmtj,  conducted  in 
S^teniber  1957  by  the  Aerospace  Research  and  Testing  Committee  of  the 
Aerospace  Indu3tr3.es  Association,  revealed,  that  while  twenty-five  of  the 
twer;.ty- seven  companies  replying  were  concerned  •frith  hydrogen  embrittlement 
of  ferro'us  metals  used  in  aircraft  and  missiles,  only  thirteen.  Companies 
had  one  or  more  methods  that  they  considered  suitable  for  evaluating 
relative  embrittlement  susceptibility.  Four  additional  companies  reported 
•.bhat  they  had  been  eoqjerLmenting  to  find  a  satisfactory  method.  Among  the 
.methods  then  in  use  v/ere  the  .standard  tensile  test,  either  alone  or  in 
conjunction  frith  3  sustained  load  test;  seven  types  of  bend  tests;  and 
sustained  load  t-ests  of  notched  or  smooth  tensile  barSp  torqued  bolts, 
flat  bars,  rour:d  rings,  and  C-rings.  Twenty-tfrjo  companies  fa'vored  an 
attempt  at  standardising  engLneering  'test  methods  for  hydrogen  embrittlement. 

ARTC  Project  V/-95j)  Standard  Method  for  Evaluation  of  Susceptibility  of 
Ferrous  Metals  to  Hydrogen  Embrittleflier.tj,  frras  established  in  October  1957 
frith  Norair-  as  sponsoring  conp-any.  The  approved  objective  'was  defined  as 
follows s 

Select,  refine,  or  develop  a  short-term  test  method  that  frill  yield 
an  accurate  indication  of  degx’ee  of  hydrogen  embrittlement.  The 
method  should  provide  results  in  a  fojm  that  permits  ready  com¬ 
parison  between  different  alloys  and  different  strength  levels. 

Resolution  of  the  project  objective  v^as  attempted  through  a  cooperati-ve 
testing  program,  in  which  the  folloving  ARTC  member  companies  participated: 

Convair,  A  Division  cf  CTei:.2ral  Dynamics  Corporation,  San  Diego, 
California 


Douglas  Aircraft  Ccsipaity,  lui'irpoi'ated,  Santa  Monica,  Calif oinia 

Lockheed  Aircra.ft  Corporation,  Califoi’nia  Division,  Burbank, 
Callfomia 

McDonnejJL  Aircraft  Corporation,  Saint  Louis,  MissoTaii. 

Noraix',  A  Di-vision  of  Northrop  Corporation,  Hairthorne,  California 

North  American  A-viation,  Incorporated,  Los  Angeles  Division, 

Los  Angeles,  Calif brcia 

Ryan  Aeronautical  Compary ,  San  Diego,  California 

In  addition,  much  helpful  assistance  and  advice  was  pro-vided  by  other  ARTC 
member  conpanies  and  by  the  Naval  Research  Laboratory  through  correspon- 
darce,  auril-iary  testing,  and  participation  in  project  meetings.  Meeting 
reports  and  other  si^ficant  ARTC  correspondence  are  listed  in  Section  6 
on  page  35  <■  . 
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2.  C0NCLUSI0N3  AND  RECOMMENDATIONS 


Of  all  methods  investigated,  the  sustained  load  notched  tensile  test  was 
the  most  sensitive  and  reproducible.  However,  two  versions  of  this  test 
were  used,  ani  they  showed  considerable  difference  in  time  to  failure  for 
^ecimens  embrittled  itoder  identical  conditions  by  the  same  laboratory. 

No  one  version  can  be  reconmended  until  additional  work  has  been  conducted 
on  methods  of  sample  preparation;  notch  size,  radius,  and  finish;  and  test 
duration.  It  is  therefore  recommended  that  ARTC  undertake  the  work  neces¬ 
sary  to  arrive  at  a  standard  sustained  load  notched  tensile  test.  ’ 

The  superiority  of- an  experimental  potassium  cyanide  plating  bath  used 
by  Ryan  in  Phase  I  v/as  evident  from  all  test  results.  It  is  recommended 
that  investigation  of  this  and  other  high-efficiency  plating  baths  be 
combined  T-ath  the  recommended  efforts  to  standardize  the  notched  tensile 
test.  Such  a  combined  investigation  should  provide  the  basic  data  for  a 
performance  standard  defining  an  acceptable  level  of  embrittlement  as 
measTired  by  time  to  failure  in  a  standard  sustained  load  notched  tensile 
test . 

Once  a  realistic  performance  standard  has  been  developed,  it  is  recommended 
that  investigation  of  other  test  methods  be  resumed  to  determine  their 
suitability  as  replacements  for  the  sustained  load  notched  tensile  test, 
which  is  costly  in  terms  of  both  time  and  equipment. 


FO«K  « 0-  1  3SC  tR.  1-59) 
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Each  participating  company  used  one  of  its  current  embrittlement  test 
methods  to  test  identical  material.  For  introduction  of  hydrogen,  equal 
lots  of  each  company’s  specimens  were  first  cadmium  plated  by  the  other 
participants;  the  intent  was  to  permit  recognition  and  analysis  of  any  pro¬ 


cessing  variables.  Froiri  the.  test  results,  an  attanpt  was  made  to  select  i 

the  short-term  test  method  that  provided  the  best  correlation  with  long-  s 

term  tests  for  the  one  material  under  investigation.  i 

0 

3 *  1  Test  Material  ** 


Transverse-quality  4340  alloy  steel  heat  treated  to  a  strength  level 
of  260,000  to  280,000  psi  was  selected  for  test.  Annealed  material 
produced  by  the  A.  M.  Byers  Steel  Company  and  certified  to  Douglas 
Aircraft  Company  Specification  DM3  1555  and  Military  Specification 
KIL-S-5000  was  purchased  by  each  participant  from  four  consecutive 
bars  (lOMq  through  IOM5)  from  the  middle  bloom  .of  heat  No.  67353 • 
These  bars,  in  the  form  of  4-inch  rounds,  were  reforged  to  1-1/4  by 
3-1/4  inches.  Chemical  analysis  of  the  material,  as  determined  by 
testing  the  top  of  bar  ICMq  and  the  bottom  of  bar  ICMe,  is  reported  » 
in  Table  I. 


3.2  Heat  Treatment 

Rough-machined  specimens  of  all  participants  were  heat  treated  in 
one  load  by  Douglas  to  avoid  possible  variables  in  this  operation, 
Rockv-/ell  hardness  measurements  made  on  one  heat-treated  specimen 
from  each  participant  ranged  from  Rq  51.5  to  Rg  52.0.  The  heat- 
treatment  procedure  was  as  follovTs: 


Normalizing 


Hardening 


Tempering 


Atmosphere: 

neutralene. 

alnor  dew  point  +22 

Temperature: 

1650  +  lOF 

Soaking  period: 

55  minutes 

Atmosphere: 

neutralene. 

alnor  dew'  point  +2? 

Temperature: 

1500  +  lOF 

Soaking  period: 

55  minutes 

Quenching  medium: 

oil  at  75F 

Temperature: 

400  +  5P 

Soaking  period: 

4  hours 

The  soaking  period  for  normalizing  and  austenitizing  of  all  speci¬ 
mens  was  based  on  15  minutes  per  1/2  inch  of  thickness  plus  30  min-' 
utes,  giving  a  total  of  about  55  minutes  for  the  thickest  specimen 

(3/4  inch). 


NORTHROP  CORPORATION 


Page  4 


3  •3  Intrp'i^uction  of  Hydrogen 

In  order  that  the  degree  of  embrittlement  v/ould  be  conparable  to 
that  to  be  encountered  in  production  if  electroplating  of  high- 
strength  steels  were  performed,  a  standard  procedure  normally  used 
for  cadmium  plating  of  low-strength  steels  was  selected  as  the 
means  of  introducing  hydrogen  into  the  test  specimens.  Sipc  of 
each  type  of  specimen  were  plated  by  each  of  the  participants 
according  to  the  follovdng  processing  sequence: 

Clean  mechanically  using  600-grit  alundm  paper  ■with  oil  and 
polishing  in  the  direction  of  bend  or  stress. 

Alkaline  clean  in  steel  cleaner  for  5  minutes  without  current. 

Acid  dip  in  10  percent  by  weight  hydrochloric  acid  solution 
(approximately  3N)  for  5  seconds.  No  inhibitor. 

In-and-out  cyanide  dip  in  2  -  6  oz/gal.  sodium  or  potassium 
cyanide  solution. 

Cadmium  plate  spepimens  individually  to  a  thickness  of  0,0003 
inch  in  a  laboratory  plating  bath  at  a,  current  density  of  60'  asf. 

Soak  specimens  in  water  at  180F  for  15  minutes. 

Bake  specimens  at  375  i  lOF  for  8  hours. 

The  sodium  cyanide  plating  bath  compositions  used  were  as  follows:. 


Convair 

-  Cadmium 

3.0 

oz/gal. 

Sodium  cyanide 

13.0 

oz/gal,  1 

Sodium  hydroxide 

2.0 

oz/gal. 

Douglas 

‘  -  Cadmium  oxide 

2.52 

oz/gal. 

Sodium  cyanide 

9.00 

oz/gal. 

Sodium  carbonate 

2.0 

oz/gal. 

ROHCO  2GXL  bright ener 

1.3 

oz/gal. 

Lockheed 

-  Cadmium  oxide 

4.1 

oz/gal. 

Sodium  cyanide 

12,2 

oz/gal. 

Sodium  hydroxide 

2.6 

oz/gal. 

Sodium  carbonate 

4.3 

oz/gal. 

McDonnell 

-  Cadmiimi  oxide 

3.6 

oz/gal. 

Sodi'um  cyanide 

13.1 

oz/gal. 

Brightener 

6-8 

lb/100  gal,  (nominal) 

pH 

13.5 

(«S  -1  -a)  D9C  I  -09  ««09 
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3*3  Introduction  of  Hydrogen  (continued) 


Norair 


-•  Cadmium 

Sodium  cyano-de  (total) 
Sodium  carbonate 
Soditan  hydroxido 


3.3  oz/gal. 
17.3  oz/gal. 
2.48  oz/gal. 
2.14  oz/gal. 


North  American  -  Cadmium  oxide 
Sodium  cyanide 
Sodium  l^roxide 


4.0  oz/gal. 
13 *5  oz/gal. 
to  pH  of  13 


*  An  experimental  potassium  cyanide  plating  procedure  was  used  by 
Ryan  on  all  except  the  North  American  specimenSj,  which  were  plated 
in  a  production  bath.  The  Ryan  cleaning  procedure  was  the  same  as 
stated  above,  except  that  a  solution  of  6  oz/gal.  potassium  cyanide 
and  2  oz/gal.  potassium  hydroxide  was  used  for  the  cyanide  dip. 

The  experimental  Ryan  plating  soluticsti  and  procedure  were; 


Cadmlim 

1 

-  1.7 

oz/gal. 

Potassimn  cyanide 

22 

-  23.8 

oz/gal. 

Potassium  h^roxide 

5.5 

-  6.0 

oz/gal. 

Potassimn.  carbonate 

3 

-  6 

oz/gal. 

No  brightener 

Deionized  water 
Vigorous  agitation 
Anode-to-cathode  ratio 

-  1  s 

1 

Current  sipply  -  voltage-stabilized  rectifier,  maximum  ripple 
Current  density  -  60  asf 


Specimens  plated  by  Ryan  were  given  a  cold-water  rinse,  a  hot-water 
rinse,  and  then  baked  for  8  hours  at  375F»  exc^t  for  the  North 
American  sanples,  which  either  were  not  baked  or  were  baked  for  a 
maximimi  of  4  hours. 


3.4  Test  Procedures  and  Results 

3.4.1  Standard  Tensile  Test  (Convair) 

Standard  short-term  tensile  tests  were  perform^  on  longi¬ 
tudinal  Type  R1  specimens  >  confonning  to  Federal  Test  Method 
Standard  No.  151  (0.505-inch  diameter  by  2-inch  gage  length). 
Strain  rate  to  jdLeld  was  maintained  at  0.005  inch/inch/^ninute. 
Rate  of  crosshead  travel  from  yield  to  uLtiaate  was  0.15  to 
0.20  inch/minutte.  All  test  results  arc  presented  in  Table  II j 
and  percent  reduction  of  area  is  shown  in  Graph  1. 

3.4*2  Special  Ring  Test  (Douglas) 

This  test  utilized  a  ring  specimen  and  a  spacer  which  applied  ' 
a  constant  stress  of  approximately  240,000  psi.  Figure  1 
shows  the*  ^ecimen,  ^acer,  and  stressed  i^eclmen  .  To  allow 
stressing  the  ring  at  90*  to  the  direction  of  grain  flow, 
specimens  are  noimally  taken  from  4340  steel  tubing  or  roimd 
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bar  as  shown,  in  Figiare  2A.  Since  it  was  considered  essential 
that  test  inaterial  of  all  participants  be  identical,  the 
Do-uglas  procedure  was  modified  by  machining  the  rings  from 
the  rectangular  bar  stock  as  shown  in  figure  2B.  With  this, 
type  of  specimen,  the  maximum  angle  at  which  stress  could 
be  applied  with  respect  to  grain  flow  was  45°.  The  test 
results  are  given  in  Graph.  2. 

3.4.3  Notched  Tensile  Test  (Lockheed) 

The  Lockheed  notched  tensile  spiecimen  is  shown  in  Figure  3. 

The  specimens  were  loaded  at  75  percent  of  their  notched 
tensile  strength  until  failure,  vdth  the  results  given  in 
Graph  3. 

3.4.4  Notched  Tensile  Test  (McDonnell) 

The  McDonnell  specimen  is  illustrated  in  Figure  4.  Specimens 
were  loaded  at  50  percent  of  the  notched  tensile  strength 
until  failure  or  for  100  hours,  then  loaded  at  75  percent  of 
the  notched  tensile  strength  until  failure  or  for  an  additional 
100  hours t  The  results  are  given  in  Graph  4. 

3.4.5  Constant-Rate  Bend  Test  (Moralr) 


In  this  test,  the  C„ 250-inch-diameter  round  specimen  shown 
in  ligure  5  was  bent  around  a  mandrel  of  the  same  diameter 
until  fractured.  Bending  rate  was  maintained  dfb  4°  per 
second.  The  results  of  these  tests  are  given  in  Graph  5* 

3.4.6  Torgued  Bolt  Test  (North  American) 


The  bolt  specimens  illustrated  in  Figtre  6A  were  designed  to 
exhibit  delayed  failure  In  the  0,0156~iach  fillet  below  the 
head  when  statically  loaded,  to  the  0o,2  percent  offset  yield 
stress  (about  90  percent  of  the  ultimate  stress).  One  mem- 
brittled  control  specimen  was  loaded  in  the  test  fixture  as 
shown  in  Figures  6B  and  6C  together  with  the  six  specimens 
embrittled  by  each  participant.  Load  was  apptlled  by  tightening 
the  nut  until  overall  length  increase  of  each  bolt  was  0.034  i 
0.002  inch,  which  had  previously  been  found  to  correspond  approxi¬ 
mately  to  the  yield  strength  as  indicated  by  0. 006-inch  average 
permanent  set  i^on  release  of  the  load.  The  results  of  these 
tests  are  given  in  Table  HI  and  Graph  6. 
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3.4.7 


These  tests  were  made  as  shown  in  Figure  7  on  stpecimens 
0.108  by  0.5  by  4  inches.  One  specimen  from  each  lot  was 
subjected  to  each  of  the  outer  fiber  tension  stress  levels 
noted  by  setting  to  a  calculated  deflection  with  the  aid 
of  a  depth  micjcometer:  100^000,  140,000,  180,000,  220,000, 
260,000,  and  280,000  psi.  One  specimen  (embrittled  by 
McDonn.ell  and  stressed  to  280,000  psi)  failed  in  46  days. 
The  remainder  ot  the  tests  were  discontinued  after  6l  days. 


3.3  Discussion  of  Resiflts 

Although  all  methods  were  in  fair  agreemait  as  to  which  specimens 
were  most  embrittled  and  which  least,  no  correlation  eqdsted  in 
the  medium-embrittlement  range.  The  shorter  methods  (standard 
tensile  test,  constant-rate  bend  test,  and  static  bend  test)  were 
not  sensitive  enough  to  indicate  any  but  the  more  severe  instances 
of  embrittlement.  Of  the  longer  methods,  the  tvrc>  sustained  load 
notched  tensile  tests  showed  the  greatest  s  ■'sitivity,  with  the 
McDonnell  method  having  somewhat  less  scatter  vhan  the  Lockheed 
method.  The  torqued  bolt  test  results  showed  considerable  scatter 
except  in  those  groTQJs  of  ^eoimens  which  it  indicated  as  being 
most  embrittled.  The  g)ecial  ring  test  showed  fairly  bT*oad  scat¬ 
ter  for  the  specimen  groips  it  indicated  as  being  in  the  medium- 
embrittlement  range,  which  may  be  attributable  to  the  fact,  noted 
in  paragraph  3.4*2,  that  45°  was  the  inaxurntm  angle  at  whieli  stress 
6ouid  be  applied  with  respect  to  direction  of  grain  flow. 

Since  plating  was  performed  in  small  laboratory  baths  and  was  ap¬ 
plied  to  high-strength  steel  not  usually  electroplated,  the  test 
resuH-ts  are  in  no  way  indicative  of  normal  production  plating 
quality.  With  this  in  mind,  it  is  noted  that  all  test  results 
showed  specimens  plated  by  Ryan  in  an  experimental  potassium  cya¬ 
nide  bath  to  be  superior  to,  or  at  least  as  good  as,  the  other 
specimens,  which  were  plated  in  sodium  cyanide  baths.  Fxirther- 
more,  in  many  instances  the  Ryan  specimens  were  at  least  as  good 
as  the  unplated  controls.  Since  other  high-efficiency  baths  were 
not  used,  it  is  not  possible  to  determine  from  the  results  of  this 
program  if  the  Ryan  bath  was  typical  of  other  hi^-efficiency 
baths  or  if  it  was  one  that  caused  almost  no  embrittlement  and 
was  stpeidor-  to  all  other  standard  and  high-efficiency  baths. 
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4.  PHASE  II  TESTS  « 

The  Project  had  originally  planned  to  test  additional  alloys  by  the  best 
short-teim  method  selected  from  Phase  I  and,  as  a  check,  by  the  best  o 

long-teim  method(s).  Since  the  short-term  tests  were  not  siifficiently  i 

sensitive  for  the  Phase  I  test  material,  this  plan  could  not  be  pursued. 

It  was  decided  to  attempt  improvement  of  the  shorter  methods  using  the  * 

same  test  material,  and  to  rqoeat  the  McDonnell  notched  tensile  tests  ® 

for  con^sarlson.  p 

N 

4«1  Test  Material 

Transverse-quality  4340  alloy  steel  remaining  from  Phase  I  was  used. 

4.2  Heat  Treatment 


Participating  companies  heat  treated  their  own  specimens  to  a  strength 
level  of  260,000  to  280,000  psi,  using  the  procediire  described  in 
paragraph  3.2. 

4.3  Introduction,  of  Hydrogen 

Cadmium  plating  of  specimens  was  performed  by  Douglas  and  North 
American  according  to  the  procedure  given  in  paragraph  3.3*  These 
two  conpanies  were  selected  because  the  Phase  I  test  results  showed 
their  specimens  to  be  in  the  meditm-einbrittlement  range. 

4*4  Test  Procedtires 

4.4.1  Gonstant-Strain-Rate  Tensile  Test  (Convair) 

The  standard  tensile  test  was  modified  by  maintaining  a 
constant  strain  rate  of  O.OO3  inch/inch/minute  until  failure. 
The  resxolts  of  tests  on  controls  and  embrittled  specimens 
are  given  in  Table  17;  reduction  of  area  is  also  shown  in 
Graph  7* 

4.4.2  Notched  Tensile  Test  (McDonnell) 

The  procedxire  described  in  paragraph  3.4.4  was  repeated  to 
serve  as  a  control,  since  this  method  proved  to  be  the  most 
sensitive  in  Phase  I  tests.  The  results  are  ^ven  in 
Gr^h  8. 
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4*4*3  Modified  Bend  Tests  (Noralr) 

The  Norair  specimen  was  modified  by  incjLusion  of  a  shallow 
circumferential  notch  at  the  point  of  bending,  as  shown  in 
Figure  5*  Two  modifications  of  the  test  procedxire  were 
used.  In  the  first,  the  original  bending  rate  of  4°  per  • 
second'Was  slov/ed  to  1-1/8°  per  minute.  In  the  second, 
specitnens  were  bent  to  35°  at  the  rate  of  4°  per  second, 
held  at  35°  for  2  hours,  then  bent  further  at  the  same  rate 
until  failure.  The  results  of  these  tests  are  shown  in 
Graphs  9  and  10, 

4.4.4  Modified  Bend  Tests  (Ryan) 

Ryan  performed  two  basic  modifications  of  the  static  bend 
test  described  in  paragraph  3.4*7.  For  the  first,  a  1/4-inch- 
diameter  hole  was  drilled  throtigh  the  specimen  at  the  point 
of  load  application.  Preliminaiy  studies  showed  that  the 
hole-type  specimens  failed  at  a  theoretical  stress  level  of 
402,000  psi*.  Test  specimens  were  stressed  at  this  level 
and  at  134,000  psi  and  268,000  psi'^  for  2  and  34  days  (con¬ 
trols),  2  and  45  days  (specimens  plated  by  Douglas),  and 
2  and  57  days  (specimens  plated  by  North  American).  Ncaie 
of  the  specimens  tested  by  this  method  failed. 

In  the  Second  modification,  plain  specimens  were  preloaded 
to  190,000  psi  outer  fiber  stress  for  1/2,  1,  2,  4,  7-1/2, 
and  16  hours,  then  bent  slowly  at  the  rate  of  0.0357  inch  per 
minute.  One  hole-type  specimen  was  preloaded  at  201,000  psi* 
and  one  at  402,000  psi*,  then  subjected  to  further  bending* 

All  preloaded  specimens  I'eached  a  total  deflection  of  0.625 
inch  without  failure,  at  which  point  the  test  was  stopped. 

4.5  Discussion  of  Results 

The  McDonnell  sustained  load  notched  tensile  test  showed  good  cor¬ 
relation  with  the  Phase  I  portion  'of  the  work,  with  a  slightly 
greater  degree  of  scatter  as  shownl  by  conpatison  of  Graphs  4  and  8. 

The  change  in  specimen  configuration  and  speed  of  bend  improved  the 
Norair  method;  however,  th4s  bend  'lest  was  still  not  sensitive  enough 
to  determine  the  degree  of  embrittlejnent  present  in  the  one  material 
tested.  The  changes  in  the  Ryan  specimen  configtiration  and  method  did 
not  resxilt  in  any  in^provement,  indicating  that  the  method  was  still 
not  sensitive  enough  for  the  test  material* 


*  Theoretical  stress  if  material  were  perfectly  elastic.  These 
figures  are  not  true  maximums,  as  yielding  occurs  to  destroy 
the  linear  relationship  between  stress  and  deflection. 
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5.  fflCDPOGEN  ANALYSIS 


* 


Convair,  Fort  Worth,  analyzed  the  test  material  for  hydrogen  to  detemine 
whether  a  correlation  existed  between  embrittlement  and  the  amotmt  of 
hydrogen  actually  present. 


Five  l/2-inch-thick  samples  of  transverse-quality  4340  alloy  steel 
used  in  Phase  I  and  II  were  heat  treated  by  Norair,  using  the  pro¬ 
cedure  outlined  in  paragre^h  3*2.  Two  were  cadmium  plated  by  Douglas 
as  specified  in  paragraph  3*3»  except  that  only  one  was  baked  at 
375F  for  8  hours.  Two  specimens  were  cadmium  plated  by  North  American. 
The  bath  used  in  plating  Phase  I  and  II  specimens  had  been  destroyed, 
so  these  two  gjecimens  were  plated  at  20  asf  in  a  production  bath  of 
the  composition  noted  below.  One  of  these  specimens  was  baked  at  375F 
for  8  hours.  The  fifth  specimen  was  left  unplated.  ’ 


Cadmium  oxide  3.4  "  4.5  oz/gal. 

Sodium  cyanide  13  -  14  oz/gal. 

Sodium  hydroxide  to  pH  of  13 

ROHCO  bidgl^t finer  1  gal. /gal.  of  solution 

Sodium  carbonate  6  oz/gal.  max 


5.2  Test  Procedvure 

Convai.r  cut  specimens  approximately  1/4  by  l/4  inch  and  analyzed 
them  for  hydrogen  by  a  vacutm-extracticn  method,  using  a  National 
Research  Corporation  Vacuim  f^ydrogen  Deterrainator,  Type  917.  The 
extractions  Were  carried  out  at  lOOOF  for  5  minutes.  The  results 
are  given  in  Table  ?- 


5*3  Discussion  of  Results 

The  average  amount  of  hydrogen  found  in  embrittled  ^ecimens  was 
not  sufficiently  greater  than  that  found  in  control  specimens  to 
be  considered  meaningful  in  an  anbrittlement  study  of  steel  heat 
treated  to  a  high  stroigth  level. 
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TABLE  I.  CHEMICAL  ANALYSIS  OF  TEST  MATERIAL 

Top  of  Bottom  of  * 


Bar  ICM2 

Bar  ICMjj 

Carbon 

0.42  % 

0.42  % 

Manganese 

.78 

.77 

Pho^hoinis 

.01 

•01 

Stafur 

.016 

.022 

Silicon 

.31 

.31 

Nickel 

1.78 

1.78 

Chromiim 

.73 

.72 

Molj'bdencnn 

.27 

.27 

Al’jminTm 

.01 

.01 

Copper 

.10 

.10 

Tin 

.011 

.011 

Vanadium 

trace 

trace 
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TABLE  II.  PHASE  I  STANDARD  TENSILE  TEST  RESULTS 

(CONVAIR) 


< 

ny 

Ptu 

Elong 

Red. 

Specijiien 

0.2^ 

in 

of 

Plating  Cqnqjany 

No. 

Offset 

103  psi 

2  in. 

Area 

10-^  p  si 

% 

Convair  Control  Tests 

32.0 

As  heat  treated 

CLl 

225  „  2 

290.3 

13.5 

CH3 

225  «7 

294.0 

13.0 

31.2 

Avg 

225.4 

292.1 

3^.2 

31.6 

Platedp  not  baked. 

CBl 

225.3 

289.9 

6,0 

10,9 

tested  immediately 

CR3 

221,0 

288,5 

8.5 

18,7 

Avg 

22;  .1 

289.2 

7,2 

14.8 

Plated,  not  baked. 

CJl 

229.6 

287.9 

11.5 

28.3 

60-day  test  delay 

CD3 

223.5 

28'/.  8 

9.5 

20.7 

Avg 

227.6 

287.8 

10.5 

24.5 

1 _ _ _ _ 

Convair 

CAl 

1 

239.1 

285.6 

10.0 

1 

28.6 

CIO. 

228.7 

!  284.2 

10,5  1 

1  28.0 

CG2 

229,4 

2B5.7 

11.5 

34.2 

CR2 

219.2 

285.3 

12.0 

33.7 

■CC3 

227,7 

284.1 

12.0 

35.3 

CN3 

227. s  : 

284.2 

!  11.0 

1  33.9 

Avg 

228,6  1 

284.8 

11.2 

j  32,3 

i 

i 

Douglas 

GCl 

11.5 

! 

CMl 

227,6 

284.6 

1  31.8 

CH2 

237,4 

286  »4 

12.5 

!  37.6 

CS2 

2G6c8 

283.6  ^ 

11.0 

!  35.1 

CE3 

229.4 

282.8 

12.0 

I  32.4 

C03 

231.8 

285.7 

10.5 

1  31.0  » 

> 

Avg 

226,6 

284.6 

11.5 

.  33.6 

Lockheed 

CEl 

— .  p. 

MM- 

21.6 

CGI 

226,4 

287.2 

9.5 

CB2 

226.3 

288,8 

12.0 

31.3 

0K2 

221.8 

287.9 

12.0 

33.1 

CG3 

230.0 

286,9 

10.5 

25.1 

CL3 

204.3 

285.4 

11.0 

.  32.4 

Avg 

221.8 

287.2 

11,0 

28.7 
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TABLE  II.  PHASE  I  STANDARD  TENSILE  TEST  RESULTS  (continued) 


Specimen 

Plating  Company 

No. 

McDonnell  - 

CFl  ' 
CPI 

GM2 

CC2 

CL2 

CJ3 

Avg 

Norair 

CHL 

CSx 

CE2 

CP2 

CB3 

CM3 

Avg 

North  American 

CGI 

CRl 

CII2 

CN2 

CA3 

CK3 

• 

Ayg 

Ryan 

GDI 
■  CNl 

CA2 

CJ2 

CF3 

CP3 

Avg 

Fty 
0*2^ 
Offset 
103  psi 


if- 

219.4 

229  o  2 

224.3 

217.7 

224o7 

223.1 


227.7 

229  08 
* 

215.1 
231 0  4 
215.4 

223.9 


223.1 

204.0 

226-."8 

224.9 

224.2 

220.6 


Elong 

in 

2  in-. 


285.1 

286.1 
* 

285.9 

286.9 
2S3.8 
285,6 


284.5 

284.5 

290.7 

283.8 
284  ..0 

285.5 


■^Thread  failure 
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TABU)  III.  PHASE  I  TORQUED  BOLT  TEST  RESULTS 
(NORTH  AMERICAN) 


Plating  Company  | 


Convair 


Douglas 


Duration 
of  Test 

Specimen 

No. 

Time  to 
Failure 
hr 

Location  of  Failvire 

_ 

2000 

•»K)0 

None 

Cl 

404 

Head  fillet 

C2 

— . 

None 

C3 

Head  fillet 

04 

404 

Threads 

05 

404 

Thread  fillet 

C6 

404 

Thread  fillet 

*D0 

None 

D1 

None 

D2 

933 

Thread  fillet 

D3 

70 

Threads 

D4 

331 

Head  fillet 

D5 

— — 

None 

D6 

— 

None 

Lockheed 


1300 


McDonnell 


2000 


•?^L0 

LI 

334 

L2 

530 

L3 

— - 

L4 

1014. 

L5 

438 

L6 

362 

^9t0 

— 

Ml 

1 

M2 

M3 

M4 

M5 

1 

M6 

17 

None 

Head  kfillet 

Shank 

None 

Thread  fillet 
Head  fillet 
Head  fillet 


None 

Threads 

Head  fillet 

Threads 

Threads 

Threads 

Threads 
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TABUS  III.  PHASE  I  TORQUED  BOLT  TEST  RESULTS  (continued) 


♦Controls 


TABLE  IV,  PHASE 


Plating  Conpany 


Convair  Control  Tests, 
Unplated 


Douglas 


North  Ameriean 


II  CONSTANT^STWIH-IIATE  T.ENSILE  TEST  RESULTS 
(CONVAIR) 


Fty 

Ftu 

Elong 

Red. 

Specimen 

0.2^ 

in 

of 

No. 

Offset 

2  in. 

Area 

^  _103  p£i  _ 

103  p  si 

% 

% 

C3C 

228,4 

293,2 

12.0  > 

33.0 

C7A 

226.9 

293,2 

11.0  ’ 

23.8 

ClOB 

227,9 

297,0 

9.3 

13.9 

C15C 

227,6 

292.9 

11,0  < 

28.8 

C19A 

* 

•K-  , 

* 

C23B 

226,1  ’ 

294.1 

12.5  ( 

35.3 

Avg 

227.4 

I  . .  J 

294,1 

11.2  ; 

27.0 

CU 

1  225,1 

292,1 

10,5  1 

22.1 

C5B 

1  230.7 

293,3 

12.0  : 

33.4 

C9G 

:  228,7 

292,8 

13.0  . 

33.2 

CI3A 

!  228,1 

'  293,3 

13.0  1 

39.0 

C17B 

1 

‘  ^ 

■J? 

* 

C21C 

:  228.5 

■  293,1 

1  11.0  ) 

24.9 

Avg 

1  228,2 

i  292,9 

i  11,9  ; 

30.5 

02B 

C6C 


230.8  '  281,3 
227«1  :  289,2 


i  2.5  !  7.4 

1  12.5  37,5 


ClOA 

Oli^B 

CISC 


231  ol  :  288,0 

228,6  :  290,5  ' 

229,2  288.5 


C22A  I  230,7  '  289'.  5 
Av'g  I  229.6  i  287,8 


■jJThi'ead  failure 
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TABLE  V,  HYDROGEN  CONTENT  OP  TEST  MATERIAL 
IN  PARTS  PER  MILLION  BY  .WEIGHT 


Unplated 

Plated  by  Douglas 

Plated  by  North 

American 

_  Not_B^ed_ 

Baked 

Not  Baked 

Baked 

4 

12 

9 

6 

8 

5 

9 

10 

6 

7 

4 

12 

8 

6 

7 

8 

7 

8 

8 

9 

4 

■  7 

9 

11 

7 

4 

12 

13 

5 

6 

6 

8 

6 

7 

Avg  5 

10 

9 

7 

7 
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Flgur*  7.  Bend  Test  Specimens  tn  Fixture 
(Ryan) 


Percent  Reduction  of  Area 
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Graph  4.  Phase  I  Notched  Tensile  Test  Results 
(Mo  Donnell) 
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